Classical genetic studies document strong complex genetic contributions to abuse of multiple addictive substances, to mnemonic processes that are likely to include those involved in substance dependence, and to the volumes of brain gray matter in regions that are likely to contribute to mnemonic/ cognitive and to addictive processes. The working idea that these three heritable phenotypes are likely to share some of the same complex genetic underpinnings is presented. This review contains association-based molecular genetic studies of addiction that largely derive from my laboratory and their fit with linkage data from other laboratories. These combined results now identify many of the loci and genes that contain allelic variants that are likely to provide the heritable components of human addiction vulnerability. These data are also likely to have broad implications for neurotherapeutics. Drugs with potential abuse liabilities are widely used for indications that include pain, anxiety, sleep, seizure, and attentional disorders. There is increasing nonmedical use of these prescribed substances. Increasing information about addiction vulnerability gene variants should help to improve management of risks of dependence in individuals who receive such therapeutics. In addition, since mnemonic components that correlate well with individual differences in brain regional volumes are likely to play major roles in addiction processes, many addiction vulnerability genes are also good candidates to contribute to individual differences in mnemonic processes. Recently elucidation of addiction-associated haplotypes for the "cell adhesion" Nr-CAM gene illustrate several of these points.
INTRODUCTION
Substance abuse is a complex problem with the concept of "addiction" at its core. Thoughtful dissection and discussion of addictions have long recognized that addicts are not only those who currently abuse substances; they also include many individuals whose prior substance abuse has left them with "drug memories" that manifest in drug cravings, an increased risk of drug self-administration, and other behaviors. Seen from this perspective, mnemonic processes are thus at the core of addictions in both detoxified and currently abusing individuals. [1] [2] [3] Many addictions in the United States occur in individuals who abuse prescribed substances. Drugs prescribed for neurotherapeutic use-not only for pain, but also for ADHD and other attention disorders, sleep disorders, and seizures-may lead to addictions in the individuals for whom the medicines are prescribed, as well as in others to whom the drugs can be diverted. Recent estimates indicate that 72 million Americans report at least some nonmedical abuse of a prescribed opioid, stimulant, or "tranquilizer." 4 Family, adoption, and twin studies have contributed knowledge of the genetic contributions to drug abuse vulnerability. Drug abuse vulnerability is familial (reviewed in Uhl et al. 5 ), and twin data from a number of laboratories strongly support the idea that drug abuse vulnerability has an overall genetic component that explains 40 -60% of the overall vulnerability. 6 -16 Heritable phenotypes include diagnoses of drug dependence and quantity/frequency of drug use. Twin data support the idea that most of the genetic vulnerability to abuse of different legal and illegal addictive substances is shared, although some is substance specific. 14, 17 Substance abuse progresses in most individuals over relatively stereotyped trajectories from experimentation, to use, to regular use, to abuse, to dependence. Many of the phenomena that accompany later stages of progression toward drug dependence appear likely to involve mnemonic and cognitive processes. Twin studies from several laboratories demonstrate that genetics strongly impacts the progression from regular use to dependence (e.g., see Tsuang et al. 16 ).
Studies of the ways in which addictions move through families do not support single-gene inheritance. Addictions, like other human disorders that display both genetic and environmental contributions to vulnerability, are thus "complex disorders" that are likely to receive contributions from allelic variations in a number of genes.
Individual differences in performance on memory tests are also substantially heritable in ways that overlap genetically with individual differences in other cognitive abilities. Heritability for working memory is reported to range from 33 to 64%, for example. 18 Interestingly, the volumes of brain structures important for these mnemonic processes are also substantially heritable. Comparisons of MRI brain images of mono-and dizygotic twin pairs suggest that ϳ60% of the individual differences in the volume of frontal lobe regions are heritable, whereas hippocampal volumes display ϳ40% heritabilities. 19, 20 Further, these heritable differences in brain volumes account for virtually all of the heritable variance in working memory task performance in at least one large twin study. 21 Taken together, these lines of evidence support substantial heritable contributions to the structures of brain regions important for mnemonic tasks and performance on memory and cognitive tasks. A working hypothesis that is consistent with current data is that these genetic components are thus likely to share substantial relatedness with the genetic underpinnings of the later aspects of progression toward addiction that are likely to be memory related.
THE SCOPE OF CURRENT MOLECULAR GENETIC DATA FOR ADDICTIONS
Linkage-based approaches that examine the way in which disease vulnerability and genomic markers move together through families have been used to study addictions to both legal and illegal addictive substances, with most work focused on alcohol and tobacco. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Only a few of the results of these studies have converged convincingly, with the major linkage peak produced by a number of studies being poorly, if at all, supported by subsequent data (e.g., see [22] [23] [24] [25] [26] ). Indeed, assemblies of current results from at least some linkage-based genomes can produce results that cover the majority of the genome with data that derive from at least some reported linkage peak in at least one study (C Johnson, GR Uhl, unpublished observations, 2005). Use of linkage-based methods has also produced modestly convergent results when applied by different laboratories to different samples in a number of other complex disorders. Nevertheless, compared with data from association genome scans (see below), these data produce compelling convergences that support a reasonably modest degree of genetic heterogeneity for much of human addiction vulnerability.
Association genome scanning can also elucidate chromosomal regions and genes that contain allelic variants that predispose to complex disorders, including substance abuse. This approach examines the ways in which disease vulnerability and genomic markers move together through populations and as such does not require family member participation. This approach gains power as the number of genomic markers that can be applied to the studies increases (FIG. 1) . Results from association approaches identify smaller chromosomal regions than linkage-based approaches, allowing focus on specific genes. We thus focus the subsequent discussion on the results of association approaches and compare them with data from linkage studies from other laboratories. Our addiction vulnerability association genome scans compared allelic frequencies beginning with 1494 and progressing to 11,522, then 126,000, and, more recently, 520,000 single nucleotide polymorphisms (SNPs) in each of two growing samples of unrelated polysubstance abusers and controls who reported no substantial lifetime use of any addictive substance. 34, 35 Initial data identified 41 of 1494 SNPs and 38 of 11,522 SNPs that displayed nominally "reproducibly positive" allele frequency differences between abuser and controls in both European-and AfricanAmerican samples using increasingly stringent criteria. These "reproducibly positive" markers (Table 1) clustered much closer to positive markers from linkage studies of addictions than anticipated by chance. [33] [34] [35] However, this total of 13,015 SNPs provided information about possible associations with addiction for only a modest number of the blocks of restricted haplotype diversity found in these subjects' genomes and thus only modest power (FIG. 1) . We have more recently validated association genome scanning with "100k" and "500k" (Centurion and Mendel Affymetrix) microarrays and used this approach to generate more than 3.2 billion person/genotype equivalents from European-and African-American polysubstance abusers versus controls (GR Uhl, QR Liu et al., manuscript in preparation). These polysubstance abusers report dependence on at least one illegal substance, while control individuals report no significant lifetime use of any addictive substance. We were able to compare the results of this work with data from smaller samples of alcohol-dependent versus control and methamphetamine dependent versus control individuals studied with 100k arrays 36 (Drgon et al., submitted for publication).
We analyzed data from more than 639,000 SNPs assigned to chromosomes 1-22 using a pooled approach that generated SEM for the differences between the four replicate studies of each DNA pool of Ϯ0.027 and SEM for pool-to-pool differences for individuals of the same phenotype and ethnicity of Ϯ0.03. These data thus provide good power to detect modest to moderate differences in allele frequencies between addict and control samples (FIG. 2) , although power drops as the effect size is reduced.
Assessment of Ͼ600,000 repeated tests on the same sample provides a problem of multiple comparisons. To begin to control for this multiple comparison problem, we first focused on "reproducibly positive" SNPs that displayed nominally significant differences between addicts and controls in each of two samples, a EuropeanAmerican sample and an African-American sample. We then focused on the clustered reproducibly positive SNPs, small chromosomal sites in which at least three of these reproducibly positive SNPs lay near each other. Finally, we identified areas in which these clustered, reproducibly positive SNPs lay in identifiable genes that were also identified by positive SNPs from both of two additional 100,000 SNP genome scans of alcohol-dependent versus control and from methamphetamine-dependent versus control samples. Very rarely are such genes found in simulation studies that ask how many times SNPs that are randomly selected from these datasets display the properties displayed by the SNPs that are identified in these studies. When the data are corrected using false discovery rate statistical approaches, genes identified in this way retain high levels of statistical significance as well (GR Uhl, QR Liu et al., manuscript in preparation).
While our analyses of many of these genes are incomplete, the identification of such genes through comparisons of several addict/control samples from different ethnic groups offers evidence that evolutionarily old allelic variants that are present in several current populations represent substantial amounts of the variance that underlie human addiction vulnerability. The gene classes that are identified in this way are also striking: these results point to genes related to cell adhesion, transcriptional regulation, and enzymes as the most represented class of genes that harbor such addiction-associated variants. The number of "cell adhesion"-related genes, in particular, is especially disproportionate to their representation in the genome. Such observations also come from the 10k data displayed in Table 1. 35 Neurexin 3 is a cell adhesion gene 37 and the AIP1 (atrophin interacting protein 1) gene, which is also known as S-SCAM (subcellular scaffolding cell adhesion molecule), plays a role in helping to anchor and localize the neurexin 3 ligand, neuroligin. 38 Thus, even this modest-density SNP genome scan has identified two of the gene products that participate in one of the major cell adhesion events that helps to specify excitatory versus inhibitory synapse formation and/or maintenance. 37 These genes are thus good candidates to contribute to the differences in neuronal connectivities through their differential expression in the developing brain and/or the in adult brain. One of the genes that was identified based on the initial 1500 SNP association genome scan is also a cell adhesion molecule, NrCAM, the neuroglian-related cell adhesion molecule. While our analyses of many of the cell adhesion molecule genes from more recent genome scanning work is incomplete, work on NrCAM illustrates a number of these points.
NRCAM: A POSITIONALLY CLONED CELL ADHESION MOLECUULE GENE WHOSE VARIANTS MAY CONTRIBUTE TO ADDICTIVE, MNEMONIC, AND REGIONAL BRAIN VOLUME
We identified NrCAM as an addiction vulnerability gene based on several lines of evidence. 38 First, we began fine mapping studies of the region of chromosome 7 that contained one of the more strongly associated SNPs from our initial study of 1500 microarray data in a region that also contained the strongest linkage to alcohol dependence in the Collaborative Study on the Genetics of Alcoholism (wave I). 23, 34 After typing many markers in this region, we identified 5= NrCAM haplotypes that are associated with substance abuse vulnerabilities in each of four samples of abusers versus controls, with the same "phase" of association in abuser/control comparisons from European-American, African-American, and Asian samples. 38 Independently, we had also isolated NrCAM as a gene whose expression levels were regulated by morphine based on a subtracted hybridization/ differential display assay, data that also characterize Nr-CAM as a drug-regulated gene. 38 Third, we sought to understand the cellular and regional localization of Nr-CAM and identified its expression in neurons linked to reward in the ventral midbrain and in neurons linked to mnemonic systems in hippocampus and cerebral cortex. 36 Fourth, we identified evidence for differential expression of the addiction-associated NrCAM haplotypes in postmortem brain samples. 38 Since heterozygous individuals can have one of the addiction-associated Nr-CAM haplotypes and one other haloptype, we were able to compare the levels of expression of the mRNAs made from each of these two haplotypes using an allele-specific expression assay and found lower expression of the NrCAM haplotype that was less abundant in substance abusers than in control individuals. We were thus able to model these human differences in heterozygous NrCAM knockout mice, which show almost exactly half of the NrCAM expression displayed by their wild-type littermates. In these heterozygous knockouts, we could test a combination of drug reward and drug memory in a "conditioned place preference" test that assesses the increased time that a mouse spends in a previously drug-paired environment. Remarkably, there was a dramatically lower preference for the places where NrCAM heterozygous knockouts received morphine and for the place where other knockouts received cocaine or an amphetamine. 38 Thus, these mouse data fit well with the human data.
With these NrCAM haplotypes and mouse models in hand, we can ask about the possibility that these gene variants could exert plieotrophic effects on other brain functions and structures. When NrCAM knockout mouse brains are examined grossly, there is little evidence for overall changes in brain size or structure. When we focused on the dopaminergic midbrain neurons that are likely candidates for involvement in NrCAM effects on reward mechanisms, we identified no significant changes in the number of these cells as determined by tyrosine hydroxylase immunohistochemistry (J Drgonovna, F Scott Hall, GR Uhl, unpublished observations, 2004). However, when mice are bred that combine reduced NrCAM expression with reduced expression of another cell adhesion molecule, L1, brains are substantially smaller. 39 Thus, in the context of other genetic variations, NrCAM haplotypes are candidates to contribute to individual differences in brain volumes in humans. We can hypothesize that changes in gray matter volumes are good candidates to contribute to these changes in brain sizes.
NrCAM variations are also strong candidates to contribute to individual differences in mnemonic and cognitive processes that are linked genetically. While Nr-CAM knockouts perform normally in some tests of memory and performance, they display significant deficits in Lashley maze performance. This maze requires a mouse to remember the direction it previously turned, so that he can turn in the opposite direction at the next choice point (M Grumet et al., unpublished observations, 2004). Further, recent reports document association of NrCAM 5= haplotypes with one of the prototypical disorders of mnemonic and cognitive systems, autism. These associations have been made in one sample with markers for the same haplotype that are independent of the ones that we have employed in our studies and in another study examining autism subjects versus control subjects using the same markers employed in our studies (see 40 ; T Sakurai et al., personal communication). Thus, there is relatively strong support for the idea that these NrCAM variants can exert plieotropic effects on addiction relevant and mnemonic/cognitive systems in humans and in animal models. 
CAVEATS AND LIMITATIONS
The work reviewed here is at the edge of a burgeoning wave of molecular genetic studies of complex disorders. It thus needs to be understood with many of the same sorts of cautions that are required for most studies in this exciting and rapidly changing area. In disorders in which single gene variants contribute relatively large amounts of the attributable risk for a disease in the general population, such as those identified in recent observations concerning adult macular degeneration, 41 identification of such variants can be made in single samples with relatively high degrees of statistical confidence. Replication can follow in multiple samples, even those of uneven quality. However, few studies in complex genetic disorders, including those reviewed here, identified such "oligogene" influences. Instead, the magnitudes of association signals and the reproducible components of linkage signals that have been identified to date are more consistent with polygenic inheritance. Such signals, in the context of testing that necessarily encompasses haplotypes at hundreds of thousands of genomic loci, are setups for production of false-positive data. For this reason, this review focuses only on genes that display nominally statistically positive association signals in studies of several populations. Simulations provide one way to account for the multiple testing. However, to date there is no single convincing statistical means of analyzing such data that will yield consistent approval from all statisticians. (See reviews by Olson 42 and Almudevar et al. 43 in this issue for discussions on statistical analyses in highdimensional data.) In this context, any reader of this sort of data should stay alert to possible reinterpretations of nominally positive results in light of advances in use of statistical methods in genetics. Integrating false discovery rate statistics into these studies provides one of the emerging trends in this area. 44 However, in this context, false-negative results also become much more likely. Any significant assay noise or random variation in the samples used is quite likely to provide at least one failure to achieve significance if a modest effect is sought in four samples, as noted above. If the four samples provide ϳ0.9 -0.6 power, for example, the joint probability of missing a true positive result in at least one of four samples is 70%. The molecular biologic approaches to genotyping hundreds of thousands of SNPs have proceeded faster than the ability of statistical genetics to provide generally agreed solutions to the problems raised by the many multiple comparisons that are part of these large association studies.
Genetic confidentiality and assurances that genotypebased information will not be used to hinder employment or insurability represent true potential barriers to use of the sort of genotype information that comes from complex genetic studies. While legislative initiatives are underway to address these issues (http://slashdot.org/article. pl?sid ϭ03/10/15/222234), they remain troubling at the current time. This is especially true as more and more individuals' genetic profiles are maintained in central databases derived from crime scene samples (http://www. fbi.gov/hq/lab/codis/national.htm; 130,877 forensic profiles and 2941,206 convicted offender profiles listed in February 2006), military inductees (http://www.afip.org/ Departments/oafme/dna/), etc.
POTENTIAL IMPACT
We have recently described the large financial impact of such complex genetic contributions to addiction in the United States. 45 Improved understanding of addiction that comes from molecular genetic studies could well play a role in better designing strategies to treat addictions and to improve matching of addicted individuals with the treatments likely to work best for them. However, addiction prevention is even more desirable. Applying information about the status of the common allelic variants that are being identified in association genome scanning studies should aid physicians in designing treatment strategies when considering use of drugs with significant abuse liability in treating potentially more vulnerable or less vulnerable individuals. Such efforts could reduce the growth of the problem posed by abuse of prescription drugs and should even become a more and more necessary component of clinical trials of promising new therapeutics with potential abuse liability within the near future. Further, haplotypes in NrCAM, neurexin 3, and at least 20 additional "cell adhesion"-related genes that we are now identifying provide useful tools for thinking about stratifying individuals for imaging studies, especially when the focus is on cerebral cortical and hippocampal regions known to display substantial heritability. Markers in these genes should also be considered in stratifying individuals for mnemonic testing, including the testing of memory-enhancing drugs.
